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The distributions of all the isotopic isomers of propene produced by its exchange reac- 
tion with deuterium oxide and by its hydrogenation reaction with Dz have been investi- 
gated with the microwave absorption technique, and the following conclusions have been 
obtained, assuming that propane is produced via the half-hydrogenated state, C8H7, on 
nickel and palladium: (1) In both reactions catalyzed by nickel, the methine hydrogen 
of propene is the most exchangeable, and propene may be chemisorbed mostly as the 
undissociated CaHe(ads.) state, besides the half-hydrogenated state. (2) On palladium, 
however, all the hydrogens of three groups show nearly equal exchangeability, and some 
dissociated species, C3Hj(ads.), may exist in addition to the above chemisorbed species. 
(3) Since water does not poison the formation of the half-hydrogenated state, it can sup- 
ply such an amount of the chemisorbed hydrogen as can produce the half-hydrogenated 
state on the surface. Therefore, the exchange reaction can be regarded as a part of the 
hydrogenation. 

INTRODUCTIOX Such being the situation, it would be ap- 

It is highly probable from the kinetic propriate to apply a new technique to the 

standpoint that a half-hydrogenated inter- present reaction, as will be introduced in 

mediate exists on metal surfaces in the this paper, and to obtain a new finding useful 

catalytic hydrogenation of simple olefins, to the problem. 

based especially on the study using deu- THEORETIC.4L 

terium as the isotopic tracer (1). In addition, 
existence of the dissociative chemisorbed 

As mentioned already, the tracer method 

statme is proposed in the reaction scheme: 
has been used extensively (3) on the hy- 
drogenation of simple olefins so as to deter- 

- H(ads.1 
p---j C&~-I 

mine the distribution of deuterium in the 

G&n- +H(ads.) product molecules, CnH2n+2--zDz( = d,), where 
-+ GJL+I 

+ H (ads. 1 
-+ CJL,,+e X ranges from 0 to 272 + 2. As the analytical 

method for d,, mass spectrometry was 
Recently, Pliskin and Eischens (2) reported hitherto adopted and the results contributed 
finding, by means of the infrared spectro- much to the study of this problem, but even 
metric method, the presence of alkyl and this method is insufficient to acquire any 
alkenyl species on nickel when ethylene is knowledge of the deuterium-substituted 
chemisorbed. This would give support to group in the product, i.e., the amount of 
the above reaction scheme, but since only a various possible isomers cannot be deter- 
physicochemical technique was used in the mined on each d, quantitatively. (Hereafter 
research, there remain other possible argu- these isomers will be denoted by subspecies 
ments against the above scheme, e.g., the of d,.) Therefore the chemisorbed state of 
reaction may proceed by direct addition of a the intermediates as well as the reaction 
hydrogen molecule to the chemisorbed olefin. scheme have not, been determined finally. 
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According to our preliminary report (4), 
the microwave spectroscopic method has 
proved to be effective in analyzing all 
the subspecies of monodeutero-prcpene- 
d,(CH,DCH=CH,, CH&D=CH,, trans- 
and cis-CHsCH=CHD), which arc pro- 
ducible by the exchange reaction (1) 

CSH, + 2/l>& + CZH~-~,D, + ?/HDO (1) 

Xow, if the scheme of the hydrogenat’ion is 
expressed as follows : 

(1) (II) 
C3H6 + Hz --f CaH6(ads.) + 2H(ads.) ----f 

(III) (IV) 
CIH7(ads.) + H(ads.) -+ CaHg(ads.) -----f CaHp, 

(2) 

the same technique may be applied to the 
study of the hydrogenation of propene, when 
deuterium is used instead of ordinary hydro- 
gen, because the deuterium exchange reac- 
tion of propene proceeds as well as the 
addition reaction to propene [see reaction 
(311, 

I 
+ CzHE--rDz’s @a) 

C&L + D- 
+ CaHE--yDy’~ (3b) 

(z = 0, 1, . . . 8; y = 0, 1, . . . 6) 

Generally, the formation of chemisorbed 
propane [step (III), reaction (a)] is regarded 
as rate-determining, i.e., the backward re- 
action of step (II) is as rapid in its rate as 
the forward one. This relationship ought 
t’o be expected by the present scheme. There- 
fore, when deuterium is used, various kinds 
of deuteropropene C&HB+D,( = d,) must be 
found in the reaction system in addition to 
t,he deuteropropancs (=&), if the reaction 
is not completed. 

In the present report, the subspecies dis- 
tribution of d, in the “unreacted” propene 
obtained during the course of deuteration 
(3) is compared with the distribution ob- 
tained by the exchange reaction (1) utilizing 
the fact that the sensitivity of the microwave 
spectroscopy is high enough to determine the 
amount of deuteropropenes even if they are 
mixed with deuteropropanes. 

Now, react,ion (1) is, as is often done, con- 
sidered to be a part of the reaction scheme 
(a), though the step (III) cannot be realized. 
Then, since the exchange occurs by the back- 

ward reaction of step (II), subspecies dis- 
tribution of CJH5D( = dJ must be equal at 
the init’ial stage of both reactions. This 
assumpt’ion may be criticized because of the 
possibility that deuterium oxide plays the 
role of a kind of poison on the metal surface, 
judging from the fact that the rat,e of ex- 
change is much smaller than that of the 
hydrogenation. However, this difference can 
be explained by the smaller concentration of 
chemisorbed hydrogen thermodynamically 
producible from wat’er. 

In order to carry out the above-mentioned 
attempt, it is convenient for discussion to 
compare the subspecies distribution of d, 
under the condition that the degree of deu- 
terium exchange is nearly equal, and this 
condit,ion will be adopted. 

The investigat’ion done from the above 
standpoint will contribute not only to an- 
swering the question of whet,her or not 
reaction (1) can be regarded as a part of the 
reaction (a), but will also yield knowledge of 
the chemisorbed state of simple olefins on 
metals. As the metal catalysts, nickel and 
palladium were selected, because these 
metals seem to represent the two extremes 
in such exchange reactions (i?, 6). 

Materials. Propene and deuterium gas 
(mass spectrometric analysis grade) ob- 
tained from Takachiho Indust,rial Co. mere 
used without purification. No impurity was 
recognized by the gas chromatographic 
analysis in propenc. Deuterium oxide ob- 
tained from Showa Denko K.K. (99.7y0) was 
used without any purification. Xckel cata- 
lyst was prepared by deconlposing com- 
mercial nickel formate (NIitsuwa Kagaku 
Kogyo K.K.) at 270°C and then was dc- 
gassed at the same temperature for 20 hr. 
Palladium black obtained from Mitsuwa 
Kagaku Yakuhin Kogyo K.K. was reduced 
with hydrogen gas at 18O”C, until no water 
was produced, followed by degassing at least 
4 hr at the same temperature. 

Procedure. The reaction was carried 
out by the static method; the react,ants and 
catalyst were charged in glass ampuls of 
about 50 cc and 200 cc, respectively, for 



604 HIROTA AND HIRONAKA 

reactions (1) and (3), and the ampuls kept 
at the reaction temperature. In order to 
stop reaction (3), the ampul was cooled 
with liquid nitrogen. After pumping off the 
part not condensable at that temperature, 
the remaining substance was subjected to 
analysis. 

The d, distribution of various deutero- 
propenes was determined by use of a mass 
spectrometer (Hitachi RMU-5), installed at 
the Institute of Protein Research, Osaka 
University. In order to avoid the overlapping 
of peaks of the deuteropropanes, the poten- 
tial of the bombarding electron was made as 
low as possible. Abundances of various 
subspecies of d, and dz were determined by 
use of a microwave spectrometer with high 
sensitivity constructed at the Department 
of Chemistry, The University of Tokyo. The 
relative intensities of the 000 -+ lo1 transition 
(at 15-17 Gc/sec) were measured for each 
subspecies at Dry Ice temperature. The 
absorption cell was made of gold-plated 
copper, so that the reaction during the 
measurement could be neglected. Other de- 
tails of the quantitative analysis have been 
already published (7). 

For the sake of confirmation of the micro- 

wave results, the products of reaction (1) 
were subjected to infrared spectrometry. 

RESULTS 

The experiment was carried out on palla- 
dium and nickel with respect to both reac- 
tions of hydrogenation (3) and exchange 
(11, as shown in Table 1. The reaction 
temperature was selected to be at, room 
temperature, because an appreciable amount 
of the exchanged propene could be ob- 
tained only at or above this temperature, 
while the deuterated propanes could be 
produced at lower temperature (8). Other 
experimental conditions were kept as much 
the same as possible, and the reaction time 
was selected so as to stop the reaction at, 
such a degree that the “unreacted” propene 
still remained in the reaction system, while 
the $( = &I;6,1yd,) value was made nearly 
equal, i.e., ~8-12%. The amount of the 
consumed deuterium was estimated to be 
85% and 80% in No. 4430 and No. 4806, 
respectively, judging from the pressure de- 
crease. Among the five runs, No. 19-a, 
already reported (5), is added for the sake of 
discussion, because this run and No. 3315 
show practically the same deuterium dis- 

TABLE 1 
EXPERIMENTAL CONDITIONS AND RESULTS 

No. 3315 
E “f% 

No. 3513 No. 19-a 
(Pd. D20) 1, (Ni, DzO) (Ni, DnO) 

GH6 (mmoie) 
DzO (mmole) 
CsHe/Dz (in volume) 
Cd& (cm W 

Catalyst (g) 
Temp. (“C) 
Time 

2.18 

2.0 
10 

3.2, 
20 
10.2 min 

2.1s 2.18 
10 - 

- 2.0 
- 10 

0.50 5.0 
25 20 

150 hr 6.9 min 

2.18 
10 

- 

1.65 
17 
25 hr 

2.15 
10.5 

- 
- 

1.6s 
25 
25 hr 

do 72.8 51.3 57.6 58.4 51.6 
4 9.4 36.6 25.0 33.3 36.8 
4 6.x 10.7 10.8 7.3 10.1 
& 5.5 1.6 4.1 1.0 1.6 
da 3.8 - 1.9 - - 
& 1.1 - - - - 
ds - - - - - 

6 

ti = f c yd, (%) 7.1 10.4 11.6 8.6 10.5 

y=l 



GO5 ~HEMISORBED ST;\TE OF PROPENE ON METALS 

TABLE 2 
SUBSPECIES DISTRIBUTION OF Q 

4430 
l’d, Dz 

3315 
Pd. D20 

4806 
Ni, D2 

3513 
Si, D20 

CHJ>--CH==CH?” 54.0 z!z 2.9 59.2 f. 2.2 36.2 + 2.2 21.5 + 2.7 
(18.0) (19.7) (12.1) (7.5) 

f,ans-CH&H==CHl) 16.4 i 1.5 13.1 f 1.3 11.4 * 1.s $1 5 * 2. 1 
cis-CH&H=CHU 13.4 + 2.1 13.7 * 1.5 11.7 k 1.8 9.9 + 2.2 
CHaCD=CH, 16.1 + 2.4 14.1 i 1.3 40.7 i 2.9 53.1 * 5.1 

” The CH,l>-CH=CH? subspecies are ‘observed by microwave spectroscopy as two distinct species, but 
only the sum of their amount is listed in the table, because they can be regarded to be equivalent for the 
present research. 

tribution and the same $J value. Distribution 
of cl, values, shown in the lower part in the 
table, is slightly different between the runs 
of hydrogenation (Nos. 4430 and 4806) and 
the runs of exchange (Nos. 3315 and 3513). 
The forlncr runs are wider in d, distribution 
than the latter. 

The analytical result with microwave 
spectroscopy,* shown in Table 2, was ob- 
t,ained on the samples without any separa- 
tion of dl species from various other species 
of deuterated propanes and propenes. Never- 
theless, the standard error of the data 
obtained was less t.han a few %, as shown 
in Table 2. The numerals in parentheses are 
those of CH,DCH=CH, divided by 3, so 
as to obtain the exchange degree per one 
methyl hydrogen for the sake of comparison. 
The accuracy of determination on the sub- 
species of dz became slightly worse than on 
t.hat of dl. 

The subspecies distribution of dz is not 
shown because it is unnecessary in the 
present paper. Rut it was taken up in a paper 
published (7) on samples No. 3315 and No. 
3513, and statistical treatment of the ex- 
change reaction was discussed, leading to 
the conclusion that each subspecies of dz 
is produced via a process independent of the 
subspecies distribution of dI. 

The infrared spectra of the products of 
So. 10-a and No. 3513 are shown in Fig. 1, 
which covers the region of C-D stretching 
bands. Since the shapes of the spectra are 
different, it is evident that the degree of 
deuterium exchange at the hydrogen of each 

* The 00~-10l transition is shown in Fig. 4 of 
ref. (7). 

group is qualitatively different between the 
Ni and the Pd catalyst, even if the # values 
are practically the same on both samples. 
Moreover, since the bands at 2161,2170, and 

P 
3 
; 60 
a, a 

40 

2300 2200 2100 
frequency GIL -1 

FIG. 1. IR spectra of Nos. 19-a (iSi) and 3315 
(Pd) : -, No. 19-a (Ni) ; ----- No. 3315 
(Pd) ; pressure of samples, 10 cm Hg: cell length, 
13.5 cm. 

2183 en-* can be assigned? to the C-D 
stretching of the methyl group and the 
bands at 2248 and 2265 cm-l to those of the 
vinyl group, easier exchangeability of t,he 
vinyl hydrogen on nickel than w palladium 
is thus confirmed by infrared spectrometry. 

t Concerning the assignment, see ref. (6). 
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However, the exchangeability of the three 
hydrogens in the vinyl group could not be 
evaluated separately without ambiguity by 
this method. 

DISCUSSION 

Distribution of Subspecies of d, 

Table 2 and Fig. 1 show evidence for the 
characteristic catalytic exchangeability of 
nickel and palladium toward hydrogen in 
propene. The difference lies in the exchange 
degree of three kinds of hydrogens, i.e., (a) 
methine hydrogen is the most exchangeable 
on nickel, (b) methyl hydrogen is slightly 
more exchangeable than both methylene 
and methine hydrogens on palladium, and 
(c) the exchangeability of the trans and cis 
hydrogens at the methylene group is prac- 
tically the same on both metals. 

It is noteworthy that the above three 
tendencies are held in common by both the 
hydrogenation (3) and the exchange reac- 
tions (l), though the exchange rate per equal 
amount of palladium and nickel is, respec- 
tively, about 140 and about 650 times as 
small as the hydrogenation rate. This dif- 
ference in rates may be explained by the 
concentration difference of the chemisorbed 
hydrogen, which can be produced by the 
neutralization of hydrogen ion with metal 
electrons. Therefore, the role of water as a 
catalytic poison to the metals, as mentioned 
above, may not be important as far as the 
formation of the half-hydrogenated state is 
concerned. 

Mechanism on Nickel 

A slight discrepancy shown in the sub- 
species distribution of dl between the reac- 
tions (1) and (3b) (cf. Nos. 3513 and 4806) 
must be noteworthy in comparison with 
a good coincidence in the case of palladium 
(cf. Nos. 4430 and 3315). This tendency 
on nickel can be explained if the chemi- 
sorbed propene dissociates partially and 
slowly in the case of the propene- 
deuterium system, since the amount of 
CH2D-CH=CH, is larger in No. 4806 
than in No. 3513. This tendency is plausible 
from the bond dissociation energies of C-H 

(9): D(CH&HCH, * H) = 76.5 kcal/mole 
and D(CH&H -+ H) = 104 kcal/mole, re- 
spectively. This explanation means that 
water may poison the dissociation of chem- 
isorbed propene. 

The present authors (5) presented the 
following scheme as the mechanism of 
formation of the C3H7 species on nickel: 

: CH,CH-CHzD 
* 

CHa-CH-CH2 + 2D- (4) * * * 
---f CH,-CHD-CH, 

(* denotes the’chemisorbed pokon) 

However, the relative rates of both steps 
(Q and p) could not be determined. Now, by 
use of the data of No. 4806 and No. 3513, 
the /3 step can be concluded to be the faster. 
The above conclusion is also plausible on 
the basis of the result obtained by Wilson 
et, al. (iO), who obtained no deuteroisobutene 
in the hydrogenation of isobutene with Dp 
on nickel. This finding was explained by 
Siegel and Smith (11), who assumed the 
formation of the intermediate (a) rather 
than the intermediat’e (b) during deutera- 
tion. Taking this result into consideration, 
the state of the chemisorbed propene on 
nickel would be in equilibrium with the half- 
hydrogenated state, predominantly shown 
by the step (0) and its reverse. 

CH, CH, 
/ 

CHzCD CH,-A-CHzD 
* \ * 

CH, 
(4 @! 

The formation of CHZD-CH=CH2 can 
be explained by occurrence of the following 
process in parallel with the reverse process 
in reaction (4) : 

CH+H-CH,D --,” ~Hz-$H-CH?D (5) 

This is the reason why the distribution of 
deuterium is nearly equal among the five 
hydrogens in methyl and methene groups 
within experimental error in the case of 
nickel catalyst. Such an isomerization mech- 
anism has been suggested in the former 
report (5). 
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The above argument may not be ap- 
plicable to the case of palladium, because 
this metal can adsorb hydrogen much more 
easily than nickel. This is the reason why 
better agreement of the subspecies distribu- 
tion of d, was obtained between the runs 
on hydrogenation (No. 4430) and exchange 
(No. 3315), in spite of the different source 
of deuterium. If so, the rate-determining 
step of the hydrogenation on palladium may 
be concluded t.o be the step (III). Neverthe- 
less, in order t’o assign finally the reaction 
scheme to (2), there remains a point to be 
discussed in more detail, because dissocia- 
tion of propene may occur 011 palladium 
more easily than on nickel. This possibility, 
however, will not change the above conclu- 
sion if the equilibrium of dissociation is 
assumed on palladium, besides the equilib- 
rium of C3H7 formation, as follows: 

CsH 7 -T C,Hs + H = C3Hj + 2H (6) * * * * * 

Now, the dissociative state of propenc, 
C3$, would be allowed to the palladium 
surface, on which even methyl hydrogen 
may be split off and adsorbed easily. This 
assumption may be supported by the sub- 
species distribution of dr, i.e., the exchange- 
ability of methyl hydrogen is larger per 
atom than that of methylene hydrogen, 
indicating that CHJ-CH=CH, is also 
produced by some reaction schenle other 
than the isomerizat.ion scheme proposed 011 

nickel. 
Of course, from the energetic stand- 

point, the structure of the ally1 type, 
CHF=CH===CH*, may be more plausible 
than that of CH,-CH=CH2 as the struc- 
ture of C3H5. Formation of such an ally1 
species was experiment’ally concluded by 
Sachtler (12) on bismuth molybdate catalyst 
and by Voge et al. (13) on CuzO-Celite 
catalyst. However, the possibility that the 
CJ$ species is an intermediate r-bonded to 
the surface as proposed in the adsorption 
of alkanes (14, 15) will not be discussed 
now. This important problem of the nature 
of bonding is to be invest,igat.ed in the 
future, as well as the further dissociation 
of C&I&. It is expected t’o be possible. 

The above conclusion on the selectivity 
of nickel was already mentioned (5), while 
the conclusion for paIladium will be con- 
firmed in the next paper from the kinetic 
standpoint. 

Finally it might be mentioned that fur- 
ther investigat,ion is now going on, in order 
to investigate in more detail the reaction 
mechanism, especially by use of the distribu- 
tion of highly deuterat.ed propenes produced 
in the react,ions. 

The authors express their sincere thanks to Pro- 
fessor Yonezo Morino and Dr. Eizi Hirota (The 
University of Tokyo) for the microwave analysis 
and also for valuable discussions. 
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